The identification of cell surface antigens is critical to the development of new diagnostic and therapeutic modalities for the management of prostate cancer. Prostate stem cell antigen (PSCA) is a prostate-specific gene with 30% homology to stem cell antigen 2, a member of the Thy-1͞Ly-6 family of glycosylphosphatidylinositol (GPI)-anchored cell surface antigens. PSCA encodes a 123-aa protein with an amino-terminal signal sequence, a carboxyl-terminal GPIanchoring sequence, and multiple N-glycosylation sites. PSCA mRNA expression is prostate-specific in normal male tissues and is highly up-regulated in both androgen-dependent and -independent prostate cancer xenografts. In situ mRNA analysis localizes PSCA expression in normal prostate to the basal cell epithelium, the putative stem cell compartment of the prostate. There is moderate to strong PSCA expression in 111 of 126 (88%) prostate cancer specimens examined by in situ analysis, including high-grade prostatic intraepithelial neoplasia and androgen-dependent and androgen-independent tumors. Flow cytometric analysis demonstrates that PSCA is expressed predominantly on the cell surface and is anchored by a GPI linkage. Fluorescent in situ hybridization analysis localizes the PSCA gene to chromosome 8q24.2, a region of allelic gain in more than 80% of prostate cancers. A mouse homologue with 70% amino acid identity and similar genomic organization to human PSCA has also been identified. These results support PSCA as a target for prostate cancer diagnosis and therapy.
Prostate cancer is the most common cancer diagnosis and the second leading cause of cancer-related death in American men. Despite recent advances in the detection and treatment of localized disease, significant challenges remain in the management of this disease. Current diagnostic modalities are limited by a lack of specificity and an inability to predict which patients are at risk to develop metastatic disease. Prostatespecific antigen (PSA) is effective at identifying men who may have prostate cancer but is often elevated in men with benign prostatic hyperplasia, prostatitis, and other nonmalignant disorders (1) . PSA and other current markers fail to discriminate accurately between indolent and aggressive cancers. There is no effective treatment for the 20-40% of patients who develop recurrent disease after surgery or radiation therapy or for those who have metastatic disease at the time of diagnosis. Although hormone ablation therapy can palliate these patients, the majority inevitably progress to develop incurable androgen-independent disease (1) .
In an effort to identify potential markers for the diagnosis and treatment of prostate cancer, we have searched for genes up-regulated during prostate cancer progression by using the recently developed LAPC-4 xenograft model of human prostate cancer (2) . The LAPC-4 system accurately recapitulates many of the features of advanced human prostate cancer, including progression to androgen independence and metastasis. We have sought to identify genes encoding secreted or cell surface proteins, because they have potential utility as serum markers of prostate cancer, similar to PSA and glandular kallikrein 2, and may be useful for detecting or targeting prostate cancer cells (3) . Prostate specific membrane antigen (PSMA) is a recently described cell surface marker of prostate cancer currently being evaluated for the detection of metastatic cells and as a target for mAb and other immunological therapies (4, 5) . Another potential advantage to searching for membrane-bound tumor antigens is that they may provide insights into the biology of prostate cancer progression. Her2͞neu, one of a number of growth factor receptors associated with prostate cancer, is being evaluated both as a target for therapy and as an important signaling molecule in androgenindependent prostate cancer (6) (7) (8) . Other receptors, such as c-met and urokinase plasminogen activator receptor, may mediate prostate cancer metastasis (9) (10) (11) .
We have identified a number of candidate molecules upregulated in the LAPC-4 xenograft model by using representational difference analysis (RDA), a PCR-based subtractive hybridization strategy (12) . One promising candidate, prostate stem cell antigen (PSCA), is a prostate-specific cell surface antigen expressed strongly by both androgen-dependent and -independent LAPC-4 tumors. PSCA is homologous to a group of cell surface proteins that mark the earliest phases of hematopoietic development. We hypothesize that PSCA may play a role in prostate cancer progression and may serve as a target for prostate cancer diagnosis and treatment.
660-bp RDA fragment corresponding to the coding sequence and part of the 3Ј untranslated sequence of PSCA or an ϳ400-bp fragment of PSA. The human multiple tissue blot was obtained from CLONTECH and probed as specified. For reverse transcriptase-coupled PCR (RT-PCR) analysis, firststrand cDNA was synthesized from total RNA by using the GeneAmp RNA PCR core kit (Perkin-Elmer-Roche). For RT-PCR of human PSCA transcripts, primers 5Ј-TGCTTGC-CCTGTTGATGGCAG and 3Ј-CCAGAGCAGCAGGC-CGAGTGCA were used to amplify an ϳ320-bp fragment. Thermal cycling was performed for 25 cycles at 95°C for 30 sec, 60°C for 30 sec, and 72°C for 1 min, followed by extension at 72°C for 10 min. Primers for GAPDH (CLONTECH) were used as controls. For mouse PSCA, the primers used were 5Ј-TTCTCCTGCTGGCCACCTAC and 3Ј-GCAGCTCATC-CCTTCACAAT.
For mRNA in situ hybridization, recombinant plasmid pCR II (1 g, Invitrogen) containing the full-length PSCA gene was linearized to generate sense and antisense digoxigenin-labeled RNA probes. In situ hybridization was performed on an automated instrument (Ventana Gen II, Ventana Medical Systems) as described (14) . Prostate specimens were obtained from a previously described database that has been expanded to ϳ130 specimens (14) . Slides were read and scored by two pathologists in a blinded fashion. Scores of 0-3 were assigned according to the percentage of positive cells (0 ϭ 0%; 1 ϭ Ͻ25%; 2 ϭ 25-50%; 3 ϭ Ͼ50%) and the intensity of staining (0 ϭ 0; 1 ϭ 1ϩ; 2 ϭ 2ϩ; 3 ϭ 3ϩ). The two scores were multiplied to give an overall score of 0-9.
phage clones containing the human PSCA gene were obtained by screening a human genomic library (Stratagene) with a human PSCA cDNA probe (15) . BAC (bacterial artificial chromosome) clones containing the murine PSCA gene were obtained by screening a murine BAC library (Genome Systems, St. Louis). A 14-kb human NotI fragment and a 10-kb murine EcoRI fragments were subcloned into pBluescript (Stratagene) and subjected to restriction mapping. Fluorescence in situ chromosomal analysis was performed as described by using overlapping human phage clones (16) .
Biochemical Studies. Rabbit polyclonal antiserum was generated against the synthetic peptide TARIRAVGLLTVISK and affinity-purified by using a PSCA-glutathione Stransferase fusion protein. 293T cells were transiently transfected with pCDNA II (Invitrogen) expression vectors containing PSCA, CD59, E25, or vector alone by calcium phosphate precipitation. Immunoprecipitation was performed as described (17) . Briefly, cells were labeled with 500 Ci of trans 35 S label (ICN) for 6 h. Cell lysates and conditioned medium were incubated with 1 g of purified rabbit anti-PSCA antibody and 20 l of protein A-Sepharose CL-4B (Pharmacia Biotech) for 2 h. For deglycosylation, immunoprecipitates were treated overnight at 37°C with 1 unit of N-glycosidase F (Boehringer Mannheim) or 0.1 unit of neuraminidase (Sigma) for 1 h followed by an overnight incubation in 2.5 milliunits of O-glycosidase (Boehringer Mannheim).
For flow cytometric analysis of PSCA cell surface expression, single cell suspensions were stained with purified anti-PSCA antibody (2 g͞ml) and a 1:500 dilution of phycoerythrin-labeled anti-rabbit IgG (Jackson ImmunoResearch). Data was acquired on a FACScan (Becton Dickinson) and analyzed by using LYSIS II software. Control samples were stained with rabbit IgG (Jackson ImmunoResearch; 2 g͞ml) followed by secondary antibody. The glycosylphosphatidylinositol (GPI) linkage was analyzed by digestion of 2 ϫ 10 6 cells with 0.5 unit of phosphatidylinositol-specific phospholipase C (PLC, Boehringer Mannheim) for 90 min at 37°C. Cells were analyzed prior to and after digestion by either flow cytometry scanning or immunoblotting.
RESULTS
RDA Identifies PSCA. RDA was used to isolate cDNAs up-regulated in an androgen-independent subline of the LAPC-4 prostate cancer xenograft (12) . In the course of this work, one 660-bp fragment (clone 15) was identified that was found to be highly overexpressed in xenograft tumors when compared with normal prostate but was not differentially expressed between androgen-dependent and -independent LAPC-4 tumors (Fig. 1A) . Comparison of the expression of this clone to that of PSA in normal prostate and xenograft tumors suggested that clone 15 was relatively cancer-specific ( Fig. 1 A) .
Sequence analysis revealed that clone 15 had no exact match in the databases but shared 30% nucleotide homology with stem cell antigen 2 (SCA-2), a member of the Thy-1͞Ly-6 superfamily of GPI-anchored cell surface antigens. Clone 15 encodes a 123-amino acid protein that is 30% identical to SCA-2 (also called RIG-E) and contains a number of highly conserved cysteine residues characteristic of the Ly-6͞Thy-1 gene family ( Fig. 2) (18) . Consistent with its homology to a family of GPI-anchored proteins, clone 15 contains both an amino-terminal hydrophobic signal sequence and a carboxylterminal stretch of hydrophobic amino acids preceded by a group of small amino acids defining a cleavage͞binding site for GPI linkage (19) . It also contains four predicted Nglycosylation sites. Because of its strong homology to SCA-2, clone 15 was renamed PSCA.
The human PSCA cDNA was used to search murine expressed sequence tag (EST) databases to identify homologues for potential transgenic and knockout experiments. One EST obtained from fetal mouse and another from neonatal kidney were 70% identical to the human cDNA at both the nucleotide and amino acid levels. The homology between the mouse clones and human PSCA included regions of divergence between human PSCA and its GPI-anchored homologues, indicating that these clones likely represented the mouse homologue of PSCA. Alignment of these ESTs and 5Ј exten- sion by using rapid amplification of cDNA ends coupled to PCR provided the entire coding sequence (see Fig. 2 ).
PSCA Expression Is Prostate-Specific. The distribution of PSCA mRNA in normal human tissues was examined by Northern blot analysis. PSCA is expressed predominantly in prostate, with a lower level of expression present in placenta (Fig. 1B) . Small amounts of mRNA can be detected in kidney and small intestine after prolonged exposure and are approximately 1% of the level seen in prostate. RT-PCR analysis of PSCA expression in normal human tissues produced similar results (data not shown). The major PSCA transcript in normal prostate is ϳ1 kb (Fig. 1B) . Mouse PSCA expression was analyzed by RT-PCR in mouse spleen, liver, lung, prostate, kidney, and testis (data not shown). Like human PSCA, murine PSCA is expressed predominantly in prostate. Expression can also be detected in kidney at a level similar to that seen for placenta in human tissues. These data indicate that PSCA expression is largely prostate-specific.
PSCA Is Expressed by a Subset of Basal Cells in Normal Prostate. Normal prostate contains two major epithelial cell populations-secretory luminal cells and subjacent basal cells. In situ hybridizations were performed on multiple sections of normal prostate by using an antisense RNA probe specific for PSCA to localize its expression. PSCA is expressed exclusively in a subset of normal basal cells (Fig. 3A) . Little to no staining is seen in stroma, secretory cells, or infiltrating lymphocytes. Hybridization with sense PSCA RNA probes showed no background staining. Hybridization with an antisense probe for GAPDH confirmed that the RNA in all cell types was intact. Because basal cells represent the putative progenitor cells for the terminally differentiated secretory cells, these results suggest that PSCA may be a prostate-specific stem͞ progenitor cell marker (20) .
PSCA mRNA Is Overexpressed by a Majority of Human Prostate Cancers. The initial analysis comparing PSCA expression in normal prostate and LAPC-4 xenograft tumors suggested that PSCA was overexpressed in prostate cancer. One hundred twenty-six paraffin-embedded prostate cancer specimens were analyzed by mRNA in situ hybridization for PSCA expression. Specimens were obtained from primary tumors removed by radical prostatectomy or transurethral resection in all cases except one. All specimens were probed with both a sense and antisense construct to control for background staining. Slides were assigned a composite score, with a score of 6 to 9 indicating strong expression and a score of 4 meaning moderate expression. One hundred two of 126 (81%) cancers stained strongly for PSCA, and another nine of 126 (7%) displayed moderate staining (Fig. 3 B and C) . High-grade prostatic intraepithelial neoplasia, the putative precursor lesion of invasive prostate cancer, stained strongly positive for PSCA in 82% (97 of 118) of specimens ( Fig. 3B ) (21) . Normal glands stained consistently weaker than malignant glands (Fig. 3B) . Nine specimens were obtained from patients treated before surgery with hormone ablation therapy. Seven of nine (78%) of these residual presumably andro- gen-independent cancers overexpressed PSCA, a percentage similar to that seen in untreated cancers. Because such a large percentage of specimens expressed PSCA mRNA, no statistical correlations could be made between PSCA expression and pathological features such as tumor stage and grade. These results suggest that PSCA mRNA overexpression is a common feature of androgen-dependent and -independent prostate cancer.
PSCA expression was also detected in the androgenindependent androgen-receptor-negative prostate cancer cell lines PC3 and DU145 by RT-PCR analysis (data not shown). These data suggest that PSCA can be expressed in the absence of functional androgen receptor.
PSCA Is a GPI-Anchored Glycoprotein Expressed on the Cell Surface. The deduced PSCA amino acid sequence predicts that PSCA is heavily glycosylated and anchored to the cell surface through a GPI mechanism. To test these predictions, we produced an affinity-purified polyclonal antibody raised against a unique PSCA peptide. This peptide contains no glycosylation sites and was predicted, based on a comparison to the three-dimensional structure of CD59 (another GPIanchored PSCA homologue), to lie in an exposed portion of the mature protein (22) . Recognition of PSCA by the affinitypurified antibody was demonstrated by immunoblot and immunoprecipitation analysis of a glutathione S-transferase-PSCA fusion protein and extracts of 293T cells transfected with PSCA. The polyclonal antibody immunoprecipitates predominantly a 24-kDa band from PSCA-transfected but not mocktransfected cells (Fig. 4A) . Three smaller bands are also present, the smallest being Ϸ10 kDa. The immunoprecipitate was treated with N-and O-specific glycosidases to determine whether these bands represented glycosylated forms of PSCA. N-glycosidase F deglycosylated PSCA, whereas O-glycosidase had no effect (Fig. 4A) . Some GPI-anchored proteins are known to have both membrane-bound and secreted forms (23, 24) . Fig. 4B indicates that some PSCA is secreted in the 293T-overexpressing system. The secreted form of PSCA migrates at a lower molecular weight than the cell surfaceassociated form, perhaps reflecting the absence of the covalent GPI-linkage. This result may reflect the high level of expression in the 293T cell line and needs to be confirmed in prostate cancer cell lines and in vivo.
Fluorescence-activated cell sorting analysis was used to localize PSCA expression to the cell surface. Nonpermeabilized mock-transfected 293T cells, PSCA-expressing 293T cells, and LAPC-4 cells were stained with affinity-purified antibody or secondary antibody alone. Fig. 4C shows cell surface expression of PSCA in PSCA-transfected 293T and LAPC-4 cells but not in mock-transfected cells. To confirm that this cell surface expression is mediated by a covalent GPI linkage, cells were treated with GPI-specific PLC. Release of PSCA from the cell surface by PLC was indicated by more than a one order of magnitude reduction in fluorescence intensity (data not shown). Recovery of PSCA in postdigest conditioned medium was also confirmed by immunoblotting (data not shown). The specificity of PLC digestion for GPI-anchored proteins was confirmed by performing the same experiment on 293T cells transfected with the GPI-linked antigen CD59 or the non-GPI-linked transmembrane protein E25a (25) . PLC digestion reduced cell surface expression of CD59 to the same degree as PSCA but had no effect on E25. These results support the prediction that PSCA is a glycosylated GPIanchored cell surface protein.
The PSCA Gene Maps to Chromosome 8q24.2. Southern blot analysis of LAPC-4 genomic DNA revealed that PSCA is encoded by a single copy gene (data not shown). Other Ly-6 gene family members contain four exons, including a first exon encoding a 5Ј untranslated region and three additional exons encoding the translated and 3Ј untranslated regions. Genomic clones of human and murine PSCA containing all but the presumed 5Ј first exon were obtained by screening phage libraries. Mouse and human PSCA clones had a similar genomic organization. The human clone was used to localize PSCA by fluorescence in situ hybridization analysis. Cohybridization of overlapping human PSCA phage clones resulted in specific labeling only of chromosome 8 (Fig. 5) . Ninety-seven percent of detected signals localized to chromosome 8q24, of 
DISCUSSION
PSCA is a prostate cancer-associated tumor antigen. Northern blot and in situ data show that PSCA is predominantly prostate-specific in normal tissues and is overexpressed in greater than 80% of prostate cancers. The expression of PSCA in cancers appears to be the reverse of what is seen with PSA. Although PSA is expressed more strongly in normal than malignant prostate, PSCA is expressed more highly in prostate cancer. This relationship is clearly seen in the case of the LAPC-4 xenograft tumors and is inferred from the large number of in situ hybridizations performed. These data suggest that PSCA may be a useful marker for discriminating cancers from normal glands in prostatectomy specimens.
The cell surface location of PSCA makes it a putative target for therapy and diagnosis. One possibility is that antibodies directed against PSCA may be used to locate metastatic disease in patients considering local therapy or in those believed to have metastatic disease, analogous to the Prostascint test currently being developed by using an antibody against PSMA (26) . Antibodies against PSCA might be used to deliver radioisotopes or other toxins specifically to prostate cancer cells. Finally, PSCA could be tested as an immunogen for various immunological therapies. Similar approaches are currently under development for PSMA (4, 27) .
A preliminary survey of 126 prostate cancer specimens did not reveal any clear correlation of PSCA expression with cancer grade, stage, or hormone dependency but rather showed widespread overexpression of this marker. PSCA expression was maintained in most androgen-independent tumors and was also detected in androgen-receptor negative cell lines, suggesting that PSCA may a useful marker of androgen-independent tumors that have lost functional androgen receptor. It should be emphasized that the primary goal of this survey was to demonstrate expression of PSCA mRNA in vivo. Also, metastatic prostate cancers were not studied other than the LAPC-4 xenograft, which was derived from a lymph node metastasis. Additional studies looking at PSCA protein expression may provide important clinical information not attainable by in situ hybridization. In a recent study on thymosin ␤15 expression, RNA in situ analyses were consistently positive, whereas immunohistochemical analysis revealed a possible correlation between Gleason grade and level of thymosin ␤15 expression (28) .
An intriguing finding in this study was the localization of PSCA mRNA to a subset of basal cells in normal prostate. The basal cell epithelium is believed to contain the progenitor cells for the terminally differentiated secretory cells (20) . Recent studies using cytokeratin markers suggest that the basal cell epithelium contains at least two distinct cellular subpopulations, one expressing cytokeratins 5 and 14 and the other cytokeratins 5, 8, and 18 (29) . The finding that PSCA is expressed by only a subset of basal cells suggests that PSCA may be a marker for one of these two basal cell lineages.
A number of investigators have hypothesized that prostate cancers may arise from transformation of basal cells (30) . Verhagen et al. (31) identified a population of cells in prostate cancers that coexpress basal and secretory cell cytokeratins 5, 8, and 18. Bcl-2, c-met, and other genes whose expression in normal prostate is restricted to basal cells have also been associated with prostate cancer (11, 32) . The expression of PSCA in prostate cancer supports the concept that cancers arise from transformation of basal cells (29, 30) . Additional work clearly will be needed to prove this hypothesis. It should be particularly important to study PSCA expression at the protein level, because it remains possible that although PSCA mRNA is not detected in secretory cells, PSCA protein may be present. Differences in RNA and protein localization have been noted previously for androgen receptor and PSMA expression (33, 34) .
The biological function of PSCA is not known. The Ly-6 gene family is involved in diverse cellular functions, including signal transduction and cell-cell adhesion. Signaling through SCA-2 has been demonstrated to prevent apoptosis in immature thymocytes (35) . Thy-1 is involved in T cell activation and transmits signals through src-like tyrosine kinases (36) . Ly-6 genes have been implicated both in tumorigenesis and in homotypic cell adhesion (37) (38) (39) . From its restricted expression in basal cells and its homology to SCA-2, we hypothesize that PSCA may play a role in stem͞progenitor cell functions such as self-renewal (antiapoptosis) and͞or proliferation.
PSCA is highly conserved in mice and humans. The identification of a conserved gene that is predominantly restricted to prostate supports the hypothesis that PSCA may play an important role in normal prostate development and should be evaluated by creation of transgenic and knockout models.
PSCA maps to chromosome 8q24.2. Human SCA-2 (also called RIG-E) and another recently identified human Ly-6 homologue (i.e., E48) also localize to this region, suggesting that a large family of related genes may exist at this locus (18, 39) . Intriguingly, chromosome 8q has been reported to be a region of allelic gain and amplification in a majority of advanced and recurrent prostate cancers (40) . c-myc localizes proximal to PSCA at chromosome 8q24 and extra copies of c-myc (either through allelic gain or amplification) have been found in 68% of primary prostate tumors and 96% of metastases (41) . Additional work will be necessary to see if PSCA overexpression is caused by amplification or chromosomal gain.
